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Abstract 
Predictions of future climate suggest that stream water temperature will increase in temperate lowland areas. Streams 
without riparian forest will be particularly prone to elevated temperature. Planting riparian forest is a potential mitigation 
measure to reduce water temperature for the benefit of stream organisms; however, no studies have yet determined the 
combination of shading (% canopy cover) and stream length required to obtain a timely temperature decrease. We 
measured the temperature in 5 small Danish lowland streams from June 2010 to July 2011, all showing a sharp 
transition between an upstream open reach and a downstream forested reach. At each site we also measured canopy 
cover and a range of physical variables characterising the stream reach to analyse differences in mean daily temperature 
and amplitude per month among forested and open reaches, annual temperature regimes, and the influence of physical 
conditions on temperature changes. In July, water temperature increased over the entire length of the open reach in 3 of 
the 5 streams, reaching temperatures higher than the incipient lethal limit for brown trout (Salmo trutta). In 4 of the 
streams, July temperature decreased within 100 m of the stream entering the forested area, and in 3 of our study streams 
the temperature continued to decrease within the forested reach, without reaching a plateau. Daily temperature variation 
was greater in the open reaches than the forest reaches. Regression analysis indicated that temperature changes along 
the forested reach in July were significantly related to canopy cover, width:depth ratio, and temperature of the water 
entering the forested reach. We conclude that even relatively short stretches (100–500 m) of forest alongside streams 
may reduce water temperature and so combat the negative effects of temperature increases on stream ecology. Although 
forestation can be a useful mitigation measure, many lowland streams are historically rich in macrophytes, which are 
important hotspots for fish and macroinvertebrates. If managers leave open reaches interspersed in the riparian canopy, 
loss of diversity provided by these macrophyte beds could be diminished while still leaving cooler water refugia. 
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Introduction
Most scientists agree that climate change will have 
profound effects on the world’s ecosystems (Walker et al. 
1999). Prognoses of global warming vary greatly in 
accordance with the applied models, but in general, 
increases in air temperatures over the next century within 
the range of 1 to 6.4 °C for temperate areas are predicted 
(IPCC 2007). The ecological effects of climate change are 
becoming increasingly apparent (Root et al. 2003), and 
evidence of how climate change affects stream ecosystems 
has recently emerged (Meyer et al. 1999, Daufresne et al. 
2004, Daufresne and Boët 2007, Durance and Ormerod 
2007, Webb et al. 2008). 
Streams play a key role in the landscape as major 
pathways of solutes and particles and in the processing 
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and downstream transport of energy (Vannote et al. 1980). 
Furthermore, the physical complexity of stream networks 
has led to a disproportionally large biological diversity per 
unit volume. This biological diversity is, however, 
threatened by pressures consequent on human activities in 
the catchments (Stoddard et al. 2006, Marzin et al. 2012). 
Effects of climate change on stream ecosystems can be 
difficult to disentangle from the impacts of other stressors 
(Durance and Ormerod 2007), but research indicates that 
river temperatures are increasing (Caissie 2006), and that 
alterations of form and function are taking place in 
stream ecosystems due to the enhanced temperatures 
accompanied by alterations in hydrological regimes 
(Daufresne et al. 2004). In-stream temperature is a key 
determinant of habitat quality (Rostgaard and Jacobsen 
2005) that greatly affects the physiological processes of 
aquatic organisms (Beschta 1997). For example, species 
adapted to cold water, such as brown trout (Salmo trutta), 
have an upper temperature limit for growth of ~19.1 °C, 
and an “incipient lethal temperature” limit of ~24.7 °C, 
defined as the temperature at which 50% of the fish can 
survive for 7 days (Elliott 1994). The ultimate lethal 
temperature (temperature tolerated for 10 min) for brown 
trout is reported to be >29 °C (Hokanson 1990). 
Various factors control stream temperature. Caissie 
(2006) divided these factors into 4 basic groups: 
atmospheric conditions (including solar radiation, precipi-
tation, and air temperature); stream bed (including 
groundwater input and hyporheic exchange); stream 
discharge (including hydraulics such as inflow and 
outflow, volume of water, slope, and turbulence); and 
topography (including riparian vegetation and upland 
shading). In clear-cut streams, temperature increases are 
primarily controlled by lack of insolation (Moore et al. 
2005), and increases of incoming solar energy for stream 
water temperature in summer under clear-sky conditions 
are up to 90% in an unshaded stream (Beschta 1984, 
1997). In small streams, even bushes and herbs will often 
provide enough shade to dampen summer maximum tem-
peratures (Beschta 1997), and several studies have shown 
how riparian shade affects in-stream temperatures (Brown 
and Krygier 1970, Beschta 1997, Bourque and Pomeroy 
2001, Roy et al. 2005, Harding et al. 2006, Hannah et al. 
2008a, Broadmeadow et al. 2011). Further, numerous 
studies have shown how removal of riparian forest leads 
to increased temperatures (Brown and Krygier 1970, 
Bourque and Pomeroy 2001, Gravelle and Link 2007, 
Janisch et al. 2011). 
Riparian forestation is therefore one of the most 
widely used mitigation measure to combat the negative 
effects of increasing temperatures on stream ecosystems 
For example, in Oregon, USA, the Department of Forestry 
has implemented forest rules and laws to increase shading 
in the riparian areas of streams to support anadromous 
salmon populations (Oregon Department of Forestry 
2010), and in New Brunswick, New Jersey, provincial 
forestry regulations require that all non-intermittent 
streams >0.5 m wide have a forested buffer strip of 30 m 
on each side of the stream to protect them from warming 
(Stewart and Comeau 1996, Dept. of Geography, 
Université de Moncton, Canada, unpublished report). 
These landscape planning initiatives do not, however, take 
into consideration the length of reach needed to obtain a 
significant decrease in temperature between an upstream 
and downstream location or how dense the canopy cover 
should be. Thus, to provide managers with a basis for 
decision making in riparian landscape planning, obtaining 
field based information about the effects of length and 
density of the canopy cover on water temperature is 
crucial. 
Process-based studies have investigated how different 
riparian canopy covers, ranging from open to forest, 
influence the temperature and biota of stream water 
(Mellina 2006, Hannah et al. 2008b, Boegh et al. 2009). 
Others investigated the effects of shading alone on stream 
temperature using regression models (Rutherford et al. 
1997, Zwieniecki and Newton 1999, Imholt et al. 2010), 
but to our knowledge no studies have yet investigated the 
actual effects of shading (% canopy cover) and stream 
length on in-stream temperatures in combination. In this 
study we used 5 Danish lowland streams including stream 
reaches with low riparian vegetation (open reaches) and 
stream reaches with riparian forest to test 2 hypotheses: 
(1) riparian forest reduces summer stream temperatures in 
small temperate lowland streams, and (2) temperature 
reduction depends on the length of the forested reach, on 
canopy cover, and stream channel morphology. Based on 
our results, we evaluated the effects and the value of 
riparian forest as a measure to mitigate stream water 
temperature increases.
Methods
Study sites and temperature measurements
The 5 Danish lowland streams studied were River 
Gudenaa, River Urlev, River Linaa, Voel Brook, and 
Storkesig Brook, all positioned in central Jutland (see 
Table 1 for coordinates). All streams had a sharp transition 
between an upstream open reach and a downstream 
forested reach. The tree species of the riparian forests 
were dominated by European ash, oak, beech, willow, and 
alder. The total length of the studied stream reaches 
ranged from 750 to 1400 m, and there was no input of 
surface water from tributaries or effluent sources along the 
study reaches. Because major groundwater input may 
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potentially affect the temperature regime, all reaches were 
visually inspected before the study to identify and exclude 
areas with likely groundwater input. 
Temperature was measured every hour using HOBO 
Pendant Temperature/Light Data Logger 8K - UA-002-08 
(http://www.onsetcomp.com/products/data-loggers/
ua-002-08) loggers at 9 sites evenly distributed along each 
stream, with 4 loggers placed in each of the open and 
forested reaches and one in the transition between these, 
providing 45 temperature logging sites. All loggers were 
placed close to the stream bed in well-mixed water and 
protected from direct solar radiation. Temperature logging 
was initiated in June 2010. Data from all 45 loggers were 
retrieved in autumn 2010 (Sep), allowing analysis of 
differences in mean daily temperature and amplitude per 
month among forested and open reaches during the period 
of maximum air temperature and canopy cover (Jul, Aug, 
and Sep). A subset of the loggers (3 in each stream: 1 at 
the beginning, 1 at the transition, and 1 at the end of the 
experimental reach) was left in all streams until July 2011, 
allowing analyses of annual temperature regimes and 
amplitudes (the temperature loggers in the forested reach 
of River Gudenaa were lost, and annual data on this reach 
are therefore unavailable). 
At each stream reach, air temperature was measured 
every hour using HOBO Pendant temperature loggers 
placed 1 m above the ground at constantly shaded and 
well-ventilated locations. We checked between-logger 
precision by placing a subset (20 of the 45 loggers due to 
logistic reasons) of the loggers in well-mixed, constantly 
circulating water containing blocks of ice, and then 
allowed the loggers to warm up slowly. The loggers were 
left to log every 10 min for 24 h, and after data 
downloading we calculated the numeric values of all 
possible differences among loggers within the relevant 
temperature range (10–21 °C). We then calculated the 
average between-logger difference and used this value 
(±0.07 °C) to correct temperature measurements for be-
tween-logger bias. We found that the between-logger bias 
of 0.14 °C was only exceeded in 6% of the 1738 number 
of measurements we performed, and the maximum bias 
between any 2 loggers was 0.29 °C.
Stream characteristics
To describe the physical in-stream environments of the 
forested and open reaches of the 5 streams, a representa-
tive 100 m sub-reach located at the downstream end of the 
forested and open reaches was characterised at baseflow 
in July 2010 following the Danish national monitoring 
program on the aquatic environment (NOVANA; Friberg 
et al. 2005, Pedersen et al. 2007). We placed 20 
cross-reach transects at 5 m intervals in this 100 m 
sub-reach and measured stream width at each transect, 
which was divided into 5 equally sized quadrats, and 
measured water depth in each quadrat. Width:depth ratios 
(w:d) and coefficient of variance (CV) in water depth and 
stream width were calculated. Width, depth, and discharge 
measurements of the paired forest/open reaches were 
conducted within 2 days and always at baseflow 
conditions. In addition, macrophyte coverage was 
recorded in each quadrat to calculate an average coverage 
per stream reach. Water current velocity at July 2010 
baseflow was measured as mean velocity at 40% depth 
using a Höntzsch propeller flow meter at 15–25 randomly 
selected points along the forested reach. Mean discharge, 
measured at the border of the open and forested reach in 
each stream using the velocity–area method of Jensen and 
Frost (1992), ranged from 18 to 449 L/s. 
In addition to the in-stream measurements, we 
quantified bank slope and bank height, key variables 
previously used to describe and categorise Danish lowland 
streams (Baattrup-Pedersen et al. 2005). At each transect, 
2 measurements (left and right side) of bank height and 
bank slope were conducted. First, bank slope was 
measured using an angle leveller; the bank was defined as 
the land area between the bank foot below the water level 
and the bank top (where the bank becomes horizontal). 
Next, bank height was determined as the vertical distance 
from the bank foot to the horizontal plane representing the 
bank top. Where the bank consisted of several steps with 
different slopes, the length and slope of each step was 
measured and a combined slope was calculated. 
Riparian shading was quantified in all 5 streams using 
an LAI-2000 plant canopy analyser (LI-COR, Lincoln, 
NE), which uses a fisheye lens to project a hemispheric 
image of the sky radiation onto 5 detectors. Each 
measurement consists of the ratio of a below-canopy 
reading to an open field (no canopy) reading (Welles and 
Norman 1991). The measurements are expressed as the 
Diffuse Non-Interceptance (DIFN), which represents the 
light received at a horizontal plane (e.g., a stream water 
surface) expressed as a proportion of the light received 
under clear-sky conditions (e.g., no canopy). DIFN can be 
used to describe the relative cover of foliage at each 
stream site, thus providing a good index of stream shade 
(Davies-Colley and Payne 1998). Values range from 0 to 
1, with 1 representing a sky completely without shade; 
therefore, in this study we used 1-DIFN as a measure of 
canopy cover (%) at each stream site. The DIFN estimate 
for each open and forested reach was obtained by 
combining readings for every 20 m along the reach. 
Readings were taken just above the water surface to 
ensure inclusion of shading by riparian trees but also 
shading provided peripherally by banks, tall herbs, and 
scrubs.
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Statistics
For each stream we tested if physical properties and 
canopy cover differed between the open and the forested 
reach using a mixed model with transect number defined 
as a random factor (Snedecor and Cochran 1989). The 
difference in temperature and amplitude between 2 neigh-
bouring loggers within the same stream was estimated by 
subtracting the hourly measurements recorded at the exact 
same time at the 2 locations. We then applied a t-test using 
PROC AUTOREG in SAS in the case of significant 
autoregressive correlations and a standard normal test for 
mean equal zero (Snedecor and Cochran 1989) in cases of 
no significant autocorrelation. The difference in tempera-
tures was tested for each month and stream separately, and 
results were judged to be significant only when there was 
a difference of 0.14 °C or higher in temperature or 
amplitude between 2 neighbouring loggers because of the 
estimated between-logger bias of ±0.07 °C. In addition, 
difference in air temperature between the open and the 
forested reach for each stream was tested using a paired 
t-test. 
To evaluate which variables influence the ability of 
forests to protect stream water from temperature increases, 
we a priori selected 5 predictor variables, canopy cover 
(expressed as 1-DIFN), w:d ratio, discharge, current 
velocity in the forested reach, and water temperature when 
the stream enters the forest. These variables were individ-
ually regressed against the response variable of change in 
July 2010 water temperature from upstream to 
downstream forested reaches. The w:d ratio was chosen as 
the only factor representing stream channel morphology 
because an exploratory scatterplot suggested that the 
remaining variables describing channel morphology were 
not related to temperature change. Furthermore, previous 
studies have documented that riparian forest often has a 
widening effect on streams and thereby increases the w:d 
ratio (McBride et al. 2008). Discharge and current velocity 
were also selected because they are factors in stream 
temperature budgets, particularly in smaller streams where 
net energy exchange with the surroundings is larger than 
in larger rivers (Brown 1969). Finally, the temperature of 
the stream water at the place where the streams enter the 
forest was selected because it can influence the potential 
to decrease temperature. 
To investigate the effects of these 5 predictor variables 
on temperature changes as response variable, we 
performed simple linear regressions rather than a stepwise 
multiple regression because our data did not meet the 
common guideline that the sample size should be at least 
10 times the number of predictor variables (Søren Erik 
Larsen, statistician, Department of Bioscience, Aarhus 
University, Denmark, pers. comm.). 
 Results
Canopy cover was significantly denser in all forested 
reaches than in open reaches, and the forested reaches were 
significantly wider than the open reaches (Table 1). Except 
for River Gudenaa, the forested reaches also had a signifi-
cantly higher w:d ratios than the open reaches, indicating 
that streams are generally widening and consequently 
becoming shallower when they enter the forest (Table 1). 
Macrophyte cover was significantly higher in the open 
reaches compared to the forested reaches in 3 streams 
(River Urlev, Storkesig Brook, and Voel Brook; Table 1), 
and July air temperatures were significantly higher in the 
open than the forested reaches in 3 streams (River Urlev, 
Storkesig Brook, and River Gudenaa; Table 1). For the 
remaining physical variables, no consistent differences were 
found between the open and the forested reaches (Table 1).  
Mean daily stream water temperature decreased signif-
icantly from July to September in 4 of the studied streams 
(one-way ANOVA, P < 0.0001; Fig. 1). In Voel Brook, the 
mean stream temperature in July and August was similar, 
whereas the September temperature was significantly 
lower than the summer temperature (one-way ANOVA, 
P < 0.0001; Fig. 1). Mean daily variation in temperature 
was significantly higher in July than in August and 
September in 4 of the studied streams (one-way ANOVA, 
P < 0.0001; Fig. 1), and only in River Gudenaa did the 
mean daily variation change significantly among all 3 
months (one-way ANOVA, P < 0.0001; Fig. 1). 
In 3 streams (River Linaa, River Urlev, and Storkesig 
Brook; Fig. 1) we observed an increase in July 2010 stream 
water temperature over the entire length of the open reach. 
The increase was particularly pronounced in Storkesig 
Brook where a significant increase >0.14 °C was recorded 
in July 2010 between 3 of the logger pairs located at the 
open reach (t = −12.85, −5.29, and −8.96, respectively, 
P < 0.0001). In 4 of the 5 studied streams (River Linaa, 
River Urlev, Storkesig Brook, and River Gudenaa), a 
significant decrease of >0.14 °C appeared in the July 2010 
temperature between the logger located at the beginning of 
the forest and the next downstream logger (t = 5.36, 47.31, 
21.88, and 26.65, respectively, P < 0.0001 for all; Fig. 1). 
The July 2010 temperature continued to decrease signifi-
cantly with >0.14 °C between loggers in 3 of the streams 
(River Linaa, River Urlev, and Storkesig Brook) when 
moving farther into the forested reach (t = 16.05, 52.07, 
and 18.5, respectively, P < 0.0001 for all; Fig. 1), with an 
overall mean decrease of 1–2 °C from the beginning to the 
end of the forested reaches (400–500 m). The temperature 
decline in River Linaa and Storkesig Brook did not reach a 
plateau, indicating that the full potential regarding riparian 
forest shading, and thereby the ability to prevent 
temperature increase caused by irradiation, was not 
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reached. In River Gudenaa, the pattern was less consistent, 
showing a significant temperature increase in July 2010 of 
> 0.14 °C when moving downstream to the next logger 
(t = −35.73, P < 0.0001), followed by a significant decrease 
of  > 0.14°C between the last 2 loggers (t = 33.88, 
P < 0.0001; Fig. 1). In the last stream (Voel Brook), July 
2010 temperatures did not change by > 0.14 °C among any 
of the loggers located in the forest (Fig. 1).
In August 2010, water temperature decreased signifi-
cantly by >0.14 °C among all forest loggers in River Linaa 
(t = 39.7, 40.89, 46.83, and 39.76; P < 0.0001 for all) and 
in Storkesig Brook as well, except between loggers 2 and 
3 in the forested reach (t = 21.28, 31.86, 19.42, P < 0.0001; 
Fig. 1); the overall decrease from the beginning to the end 
of the forested reach was, however, lower than that for 
July 2010 (Fig. 1). In River Urlev, no temperature change 
occurred in August 2010 from the beginning of the forest 
and downstream to the next logger (t = 1.86, P = 0.102), 
but a significant decrease of >0.14 °C occurred between 
the last 2 pairs of loggers (t = 6.36 and 20.76, respectively, 
P < 0.0001 for both; Fig. 1). August 2010 temperatures in 
River Gudenaa did not change significantly from the 
beginning of the forest and downstream to the next logger 
(t = −0.08, P = 0.938), and, as observed in July 2010, the 
pattern for the remaining of the forested reach was also 
inconsistent in August 2010. A significant temperature 
increase of >0.14 °C was observed in July 2010 when 
moving downstream to the next logger (t = −22.95, 
P < 0.0001), followed by a difference <0.14 °C between 
the last 2 loggers (Fig. 1). In Voel Brook, August 2010 
temperatures did not change by > 0.14 °C among any of 
the loggers located in the forest (Fig. 1). In September 
2010, the effect of the forest was limited and inconsistent 
in all streams (Fig. 1). 
Fig. 1. Mean monthly temperature (left panel) and mean daily variation (right panel) for the 5 streams. From left to right the open stretch runs 
toward the shaded stretch. * indicates a statistically significant temperature difference >0.14 °C between 2 neighbouring loggers (P < 0.05), and 
the solid top bar of each plot designates the forest reach on the x-axis. Error bars denote 2 SE.
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The increase in stream temperature observed along the 
length of the open reach in 3 streams (River Linaa, River 
Urlev, and Storkesig Brook; Fig. 1) was accompanied by a 
significant increase in daily temperature variation when 
moving downstream. The latter was particular notable in 
River Linaa and Storkesig Brook. In July 2010 in River 
Linaa, a significant increase in daily variation > 0.14 °C 
was measured between the first 3 logger pairs located in 
the open reach (t = −5.78. −6.94, and −4.21, respectively, 
P < 0.0002 for all). In Storkesig Brook the daily variation 
in July 2010 decreased significantly by > 0.14 °C between 
the first logger pair in the open reach (t = 5.18, P < 0.0001) 
but increased significantly by >0.14 °C between the 2 
other pairs of loggers when moving downstream toward 
the forest (t = −5.74 and −5.33, respectively, P < 0.0001 
for both). After entering the forest, the daily temperature 
variation in July 2010 decreased in 3 of the studied 
streams (River Linaa, River Urlev, and Storkesig Brook). 
In River Linaa, an initial increase in daily variation was 
found between the beginning of the forest and the next 
logger (t = −2.79, P = 0.009), followed by a significant 
decrease among the next 3 pairs of loggers (t = 5.16, 
10.57, and 10.88, respectively, P < 0.00001 for all; Fig. 1). 
In River Urlev the daily variation in the July 2010 
temperature decreased significantly by >0.14 °C between 
the first 2 logger pairs (t = 4.0 and 4.23, respectively, 
P < 0.001 for both), and in Storkesig Brook the daily 
temperature variation in July 2010 decreased significantly 
by > 0.14 °C between all logger pairs when the stream 
moved into the forest (t = 5.55, 8.08, 9.72, and 6.09, 
respectively, P < 0.0001 for all; Fig. 1). 
The daily temperature variation in August 2010 was 
only slightly affected by riparian forest, the only exception 
being Storkesig Brook where the daily temperature 
variation continued to decrease significantly by >0.14 °C 
between 3 logger pairs located in the forest (t = 6.1, 5.11, 
and 4.31, respectively, P < 0.002 for all; Fig. 1). By 
September 2010, the reduced temperature variation caused 
by forest shade had disappeared in all 5 streams (Fig. 1).
The change in July 2010 water temperature from 
upstream to downstream forested reaches showed 
significant linear relationships with canopy cover 
(1-DIFN, R2 = 0.95, P = 0.002; Fig. 2), the w:d ratio 
(R2 = 0.66, P = 0.05; Fig. 2), and water temperature when 
Linaa Linaa Urlev Urlev Voel Voel Storkesig Storkesig Gudenaa Gudenaa
Open Forest Open Forest Open Forest Open Forest Open Forest
X-UTM 540882 548933 542907 562509 529058
Y-UTM 6227318 6280408 6228786 6227577 6190616
July 2010 air 17.7 17.4 19.8 18.1 18.1 18.1 21.5 17.5 18.2 17.8
temperature (°C) (5–28) (5-28) (6–30) (8–28) (4–29) (5–28) (5–29) (8–27) (4–32) (5–29)
Discharge (L/s) 27 132 35 18 449
Canopy cover (%) 80 92 67 89 61 77 27 93 49 81
Velocity (m/s) 0.17 0.22 0.63 0.18 0.19 0.23 0.30 0.29 0.24 0.29
Width (W, m) 1.6 2 2.9 5.4 1.6 1.9 1.2 2.3 3.3 4.1
(1.1–2.7) (1.3–3) (2–5.5) (3.7–6.9) (1.1–2) (0.9–3.2) (0.8–1.5) (1.4–4.9) (2.8–3.7) (3.5–5)
Depth (D, cm) 20 10 30 21 12 21 9 8 48 42
(5–50) (1–50) (4–120) (2–64) (5–30) (5–51) (3–30) (4–30) (11–82) (13–75)
Width: depth 6.7 18.1 9.5 28.7 6.2 12.6 6 31.3 6.5 5.8
ratio (2.1–22) (2.3–40) (4.6–24) (2.5–64) (0.4–9.8) (0.3–34) (0.7–9.5) (0–24) (4.3–8.9) (0.1–9)
Bank height (cm) 142.7 70 99 89 72.7 69.7 64 83 102.1 113
(70–240) (50–95) (55–180) (55–140) (25–110) (30–130) (25–145) (45–180) (70–145) (85–245)
Bank slope (°) 54 58 34,5 64 66 68.5 45 36 65 46
(15–90) (10–90) (10–90) (20–90) (10–90) (10–120) (10–115) (10–90) (20–90) (15–90)
Macrophyte 11.9 6.6 51 0.6 30.3 12.1 10.5 0.4 25.4 20.1
cover (%) (0–50) (0–67) (37–74) (0–7) (0–76) (0–60) (0–26) (0–3) (4–60) (0–50)
Table 1. Physical characteristics (means with range in parentheses) of forested and open reaches measured at baseflow in July 2010. Also 
included are mean air temperatures (°C) in July from the open and forested reach at each stream and canopy cover (%). Bold (= the highest 
value) indicates a significant difference (at 5 % level) between forested and open reaches within the same stream. X- and Y-UTM: Universal 
Transverse Mercator coordinates.
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entering the forest (R2 = 0.62, P = 0.05; Fig. 2). In contrast, 
no significant linear relationship existed between 
discharge and July 2010 temperature change in the forest 
(R2 = 0.02, P = 0.411; Fig. 2) or between current velocity 
in the forest and change in July 2010 temperature in the 
forest (R2 = 0.26, P = 0.72; Fig. 2). 
Discussion
Insulating effect of forest
We found that forest canopy significantly reduced the 
stream water temperature and daily amplitudes in shaded 
relative to open reaches in 4 of our 5 study streams. This 
decrease was highly correlated with canopy cover and 
thereby supports the findings of several other studies 
emphasising shade as a key parameter controlling stream 
water temperature (Brown and Krygier 1970, Beschta and 
Taylor 1988, Beschta 1997, Bourque and Pomeroy 2001, 
Broadmeadow and Nisbet 2004, Johnson 2004, Sridhar et 
al. 2004, Roy et al. 2005, Wilkerson et al. 2006, Malcolm 
et al. 2008, Broadmeadow et al. 2011). The shade of the 
forest also caused air temperature to be lower than in the 
open in 3 of the 5 reaches, thus adding to lower stream 
water temperature of the forested reaches and also 
resulting in significantly lower diel fluctuations in stream 
water temperature in the forested reaches. We also found 
that 100 m of forest canopy sufficed to produce a 
significant decrease in mean temperature and daily 
amplitude, and that the same distance produced a 
significant increase in the open reach. This supports other 
studies illustrating how even short reaches of shade can 
decrease stream water temperature and variation. For 
example, in a study of 3 rural New Zealand streams, 
Storey and Cowley (1997) found that within a 50 m 
stream reach of alternating forested and clearcut sections, 
water temperature on a sunny day rose and fell by 4–5 °C.
In another study of temperate lowland streams located 
Fig. 2. Mean temperature change in July (°C) from beginning to end of the forested reach relative to the canopy cover (1-DIFN), width:depth 
ratio (w:d), discharge, water temperature at the place where the streams enter the forest, and current velocity in the forest. Regression lines are 
shown where a statistically significant relationship exists (see text).
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and in a study of salmonid fishes conducted in Wyoming 
streams, Keleher and Rahel (1996) found that the fish dis-
tribution was limited to regions with mean air tempera-
tures <22 °C. We recorded water temperature peaks above 
25 °C at the open site of Storkesig Brook, which exceeds 
the incipient lethal temperature for brown trout (24.7 °C; 
Elliott 1994), whereas the ultimate lethal temperature for 
brown trout (>29 °C; Hokanson 1990) was not reached in 
any of our study streams. The temperature limit for growth 
of brown trout (19.1 °C) was exceeded for consecutive 
days in Storkesig Brook and River Urlev (Fig. 3). Our ob-
servations correspond well with those from a food-web 
study of the same streams where fish were sampled by 
electrofishing at noon (Kristensen et al., Department of 
Bioscience, Aarhus University, Denmark, unpublished 
data). Trout density in open reaches was low in their study, 
whereas high abundances were observed in the cooler 
forested reaches, indicating a negative impact of the 
warmer stream water of the open reaches. 
The increase in annual maximum temperatures and 
amplitudes in the open reaches of 4 of our 5 study streams 
could potentially have a substantial influence on the 
survival and emergence patterns of macroinvertebrates. 
For example, the temperature limit for hatching of Baetis 
rhodani eggs was exceeded in the open reach of 2 streams 
(Fig. 3). We also found enhanced diel temperature 
amplitudes in the open reaches, which may also reduce the 
number of species. Durance and Ormerod (2007) showed 
that many core species of macroinvertebrates may persist 
at a global warming-induced temperature increase of 
3–4 °C, but also that the most scarce taxa (5–12% of the 
species pool) would be at risk of local extinction. Quinn et 
al. (1994) investigated temperature tolerance levels for 
selected stream invertebrates and found  the temperature at 
50% lethality after exposure for 48 and 96 h ranged from 
24.5 to >34 °C and 22.6 to 32.6°C, respectively, for the 12 
macroinvertebrate species included in their study. Both 
Storkesig Brook and River Urlev experienced summer 
temperatures within this range (i.e., >25 °C) and nearly a 
doubling of the diel temperature amplitudes in the open 
compared to the forested reaches, suggesting a potential 
negative impact on the macroinvertebrate communities of 
these reaches. Not only temperature constitutes a future/
current challenge for the stream biota in lowland streams; 
ditching, draining of agricultural areas, and intensive weed 
cutting combined with increasing precipitation can also 
lead to a harsher stream environment, with higher shear 
stress and increased sand transport along the streambed 
(Baattrup-Pedersen et al. 2002, 2005, Pedersen et al. 2004, 
Pedersen 2009). These conditions are unfavourable for 
many macroinvertebrates and fish.
Another direct influence on stream biota resulting 
from increased shading is less available sunlight for phy-
in Southern England, Broadmeadow et al. (2011) 
suggested that planting new riparian forest with a mean 
canopy cover of 20–40% along a 500 m stream would be 
enough to prevent summer water temperatures from 
exceeding the incipient lethal limits for brown trout, and 
80% shade prevented temperature from exceeding a level 
reported for optimum growth. Our findings support this 
and suggest that a shorter stream reach with a canopy 
cover density of >20% may suffice to effectively reduce 
mean water temperatures and daily amplitudes. 
The lack of response in temperature along the canopy 
cover of River Gudenaa study reach is most likely the 
result of its much larger water volume compared to the 
other study reaches; a larger volume of water logically 
requires a longer shaded reach to reduce temperature. 
Although the canopy cover was denser at the forested than 
at the open reach, the River Gudenaa canopy was more 
unevenly distributed and was characterised by patches of 
trees followed by short reaches without trees. Denser 
understory vegetation in these patches will contribute to 
decrease warming, although this effect will be most 
pronounced in headwater streams (Gravelle and Link 
2007). Furthermore, flow variability within the streams 
can be high due to factors such as precipitation events that 
would affect the temperature gradients. For this reason, 
flow measurements at a greater than monthly frequency 
would be desirable in a similar study. 
Implications for stream biota
Stream water temperature is a key parameter affecting the 
overall health of an ecosystem (Coutant 1999, Caissie 
2006), including both the distribution of stream organisms 
(Keith and Bjornn 1998, Ebersole et al. 2001) and their 
growth rate (Markarian 1980, Elliott et al. 1995). We show 
the annual variation in stream water temperatures in the 
studied streams together with indications of the upper 
growth limit and incipient lethal temperature for brown 
trout and the upper egg hatching limit of the mayfly Baetis 
rhodani Fig. 3). We chose these 2 stream organisms to 
represent fish and macroinvertebrate communities because 
they are both common in temperate lowland streams 
(Imholt et al. 2010, Kristensen et al. 2012) and therefore 
suitable examples for illustrating the potential consequences 
of stream water temperature increases on the stream biota. 
The stream biota is characterised by ectotherms and is 
therefore greatly influenced by variations in temperature. 
Temperature also influences the amount of dissolved 
oxygen and metabolic activity and thereby the distribution 
of species (Rostgaard and Jacobsen 2005). Salmonids 
(e.g., salmon or trout) seek thermal refuge at high temper-
atures in colder water (Ebersole et al. 2001) or by 
migrating to coldwater tributaries (Cunjak et al. 1993), 
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toplankton growth. Using a modelling approach, 
Ghermandi et al. (2009) and Hutchins et al. (2010) both 
found a 44% reduction in phytoplankton production in the 
shaded reach, indicating that shade may also be an 
effective tool in controlling stream eutrophication, 
although this reduction in primary productivity likely also 
has food web consequences.
Effect of stream channel morphology
We found that the morphology of the stream channels 
changes with riparian forest cover, which corroborates 
previous study results (Davies‐Colley 1997, Allmendinger 
et al. 2005, McBride et al. 2008) that small streams are 
narrower in open reaches than in forests. The mechanisms 
behind these observations are still debated, some 
suggesting that large woody debris plays an important role 
in the widening of forested reaches because it creates local 
scouring (Zimmerman et al. 1967). Others have hypothe-
sised that when riparian forests are cleared, grasses can 
colonise gravel bars in the stream channel, rendering the 
bars more stable and less prone to erosion, with consequent 
narrowing of the channel (Davies-Colley 1997). The 
streams included in our study are all located in lowland 
areas dominated by intensive agriculture, and stream 
maintenance involving macrophyte cutting and dredging to 
improve drainage is widely applied. This activity is most 
likely one of the factors behind the observed differences in 
Fig. 3. Temperature from the farthest downstream logger of all open and forested sites of the 5 study streams from July 2010 to July 2011 as 
well as thermal thresholds for brown trout (Salmo trutta) and the limit for hatching of mayfly (Baetis rhodani) eggs. The solid line represents 
the incipient lethal limit for brown trout (Elliott et al. 1995, Elliott and Elliott 2010); the broken line shows the upper limit for optimal growth 
for brown trout (Elliott et al. 1995) and the dotted line the limit for hatching of Baetis rhodani eggs, as defined by Elliott (1972).
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stream channel morphology; several decades of 
maintenance have created deeper channels in open reaches 
than in forested reaches where maintenance is less intensive 
or absent. As a consequence of the wider channels in the 
forested reaches, depth was generally lower here. 
Another important difference in habitats between the 
forested and the open reaches was the reduced macrophyte 
cover in the forest reaches, which was significant in 3 of 
the 5 study streams. Such differences may impact the 
quality of the forested areas as habitats for larger-sized 
fish because they require greater depths than smaller fish. 
Moreover, macrophytes function as important structural 
assemblies for fish and macroinvertebrates and are major 
primary producers (Phillips 2003, Warfe and Barmuta 
2006). The findings of a recent study conducted by 
McCormick and Harrison (2011) demonstrated lower 
density and growth of salmonids in forested compared to 
open reaches as a consequence of the lower macrophyte 
abundance in the forested reaches. It is therefore important 
to consider the combined effects of riparian forest on 
temperature, the physical environment, and habitat 
conditions for stream biota before using forestation along 
streams as a mitigation measure against climate change. 
Conclusions
Our study results suggest that riparian forest can be an 
effective tool in climate change adaptation and adds to the 
evidence showing that riparian canopy cover may be an 
effective regulator of stream water temperature. Our 
findings indicate that a stretch as short as 100 m of 
riparian forest reduced stream water temperature by up to 
1 °C compared to the temperature of an open reach in one 
stream, and the combined insulating effect of the entire 
forested reach (up to 500 m) reduced the temperature by 
~2.5 °C. Compared to published lethal limits and limits 
for growth for selected stream organisms, our results 
suggest that a temperature reduction within this range is 
sufficient to prevent stream water temperature from 
exceeding thermal thresholds. According to climate 
change predictions, the air temperature in temperate 
regions will rise by up to 6.4 °C (IPCC 2007), which most 
likely will result in a stronger need for temperature 
reduction than suggested by the present study (i.e., shaded 
reaches with dense canopy cover longer than 500 m). 
Forestation as a mitigation measure, however, should 
also consider that many lowland streams historically are 
rich in macrophytes, which potentially could be shaded 
out following planting of riparian forest. In the present 
study we generally found lower coverage of macrophytes 
in the forested reaches. Loss of macrofauna biomass and 
diversity provided by these macrophyte beds as a result of 
shading could be diminished if managers leave open 
reaches interspersed in the riparian canopy. We found that 
temperature decreased substantially over relatively short 
distances at dense canopy cover; thus, a riparian cover to 
reduce temperature could coexist with open reaches, 
ensuring both a temperature decrease and presence of 
macrophyte assemblages. Further studies of optimal 
density and length of the shaded reaches to achieve the 
desired temperature decrease (which may differ from one 
region to another and depend on the target species, for 
example) are needed for managers to make informed 
decisions. The most cost effective and best method to 
reduce stream water temperature may be to simply 
reestablish the natural hydrology in the catchments, 
whereby streams can flood riparian areas and let natural 
succession lead to growth of smaller trees and bushes 
adapted to this environment (e.g., willow and alder). This 
natural succession would create cover for fauna and 
scattered refugia that require low temperature. Although 
this investigation was outside the scope of this study, it 
could form the focus of future research; more details on 
the combined positive effects of reducing stream 
temperature and increasing the biodiversity in both the 
stream and its riparian area will improve the decision-
making basis for policy makers and managers.
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